Abstract Inbreeding depression and heterosis are the two ends of phenotypic changes deWned by the genome-wide homozygosity. The aim of this study was to investigate the association of genetic marker-based homozygosity estimates with 46 N-glycan features measured in human plasma. The study was based on a total of 2,341 subjects, originating from three isolated island communities in Croatia (Vis and Korcula islands) and Scotland (Orkney Islands). Inbreeding estimates were associated with an increase in tetrantennary and tetrasialylated glycans, and a decrease in digalactosylated glycans (P < 0.001). The strength of this association was proportional to the mean cohort-based inbreeding coeYcient. Increase in tetraantennary glycans is known to be associated with various tumours and their association with inbreeding might be one of the mechanisms underlying the increased prevalence of tumours reported in some human isolated populations. Further studies are thus merited in order to conWrm the association of inbreeding with changes in glycan proWles in other plant and animal populations, thus attempting to establish if glycosylation could indeed be involved in mediation of some phenotypic changes described in inbred and outbred organisms.
, geneticists were trying to understand the exact underlying mechanism of inbreeding depression and heterosis, which are considered to be among the stronger evolutionary forces (Crnokrak and RoV 1999; Keller et al. 1994) . The proposed theories included a range of allele complementation approaches, including partial dominance and overdominance hypotheses (Falconer and Mackay 1996) or up-regulation of the house-keeping genes (Birchler et al. 2003) . These phenomena were predominantly investigated in conservation science, agriculture and husbandry or natural history of wild populations (Keller and Waller 2002) , but lately also in human genetics and human health (Campbell et al. 2007; McQuillan et al. 2008; Rudan et al. 2008) . The use of human genetic data in inbreeding studies has been moderate at best, despite the abundance of genetic and phenotypic human data available in genetic research. This is due to the very low average inbreeding coeYcients observed in various human populations, compared to those in plants and animals. Nevertheless, the use of human data in inbreeding studies bears a number of potential beneWts, including high precision of phenotypic measurements, wide range of known confounding variables that can be controlled for and the availability of high-throughput genotyping opportunities (with several hundred thousands or even million markers as opposed to dozen or so markers usually used in plant and animal genetics). Furthermore, human datasets often beneWt the latest quantiWcation methods, such as various "omics" approaches, including lipidomics, proteomics or glycomics. The latter group is based on glycans, a very diverse group of sugar molecules that are attached to numerous proteins and serve as highly potent messengers, structural molecules, have important role in the immune response and may reXect a wide range of pathological responses in living organisms (Arnold et al. 2008; Boland and Rudd 2008; Cummings 2009; Dube and Bertozzi 2005; Lee et al. 2005) . The possible link between glycans and inbreeding becomes more obvious since inbreeding depression aVects similar scope of phenotypic features in various organisms, such as immune response (Acevedo-Whitehouse et al. 2005; Coltman and Slate 2003; Reid et al. 2003 Reid et al. , 2007 , developmental disruptions such as Xuctuating asymmetry and may modulate very complex traits such as the overall Wtness and survival (Coltman et al. 1998; Keller et al. 1994; Keller and Waller 2002) .
The aim of this study was to investigate the association of genomic marker-based inbreeding estimates and N-glycans in plasma, measured in three isolated human populations.
Materials and methods
For the purpose of this study, three samples of the isolated human populations from the communities of Croatian Adriatic islands Vis (N = 778) and Korcula (N = 866), and Scottish Orkney islands were included (N = 697), thus yielding a total of 2,341 samples. All three cohorts are well investigated and were often involved in the recent gene mapping eVorts (Dupuis et al. 2010; Köttgen et al. 2010; Repapi et al. 2010) . Genotyping for these cohorts was based on the single-nucleotide polymorphism markers, HumanHap300 by Illumina (for Vis) and HumanCNV370 for Orkney and Korcula. Inbreeding was estimated by the hidden Markov model-based FEstim (Leutenegger et al. 2003) . FEstim is a maximum likelihood approach that estimates the genomebased inbreeding coeYcient of an individual. Marker dependencies are taken into account through the use of a hidden Markov model. This modelling allows long homozygous stretches to contribute strongly to the inbreeding estimation while isolated homozygous markers will tend to be ignored. In addition, the presence of rare alleles in a homozygous stretch will help boosting its contribution to inbreeding . One of the main limitations of the method is that it can overestimate inbreeding coeYcients in populations which have increased linkage disequilibrium (LD) (Leutenegger et al. 2003) , what has been shown for a fair number of Croatian Adriatic islands populations (Vitart et al. 2006) . This is why we used a strict selection protocol in MASEL, in order to reduce the marker set and remove any excessive LD (Bellenguez et al. 2009 ). MASEL selection was based on a threshold of r 2 · 0.05, which selected 17,890 markers (»6% of total number of SNPs). This approach was validated in one of our previous studies, where it has been shown that FEstim in situation without LD seems to be the most appropriate method to measure inbreeding . The markers in the Wnal set were also selected in order to utilize only the most heterozygous and informative markers (Bellenguez et al. 2009; Leutenegger et al. 2003) . The selection of markers was based on the HapMap data (as a source of standardized information that could be directly applied in all three distinctive samples). Furthermore, we applied several quality control steps: subjects with genotyping rate lower than 95% were removed; markers that were departing from Hardy-Weinberg equilibrium (P · 10E¡07), markers due to low call rate (<95%) and markers due to low minor allele frequency (MAF < 0.05) were also removed. Lastly, only the autosomal markers for which a genetic location was available from Illumina were included. The quality control procedure was performed with PLINK (Purcell et al. 2007) . After application of the quality control criteria, Wnal marker set was reduced to 16,339 SNPs . Inbreeding estimates were calculated for each population separately, and then all samples were pooled in mixed modelling, in order to obtain greater statistical power. Inbreeding estimates were then correlated with a set of 46 N-glycan features (KnezeviT et al. 2009 ).
Glycans were measured from plasma samples, based on the hydrophilic interaction high performance liquid chromatography (HILIC) and weak anion exchange in high performance liquid chromatography (HPLC). The main quantiWcation result is the measurement of glycan peaks, which represent a group of mostly similar, but distinctive molecules which may be classiWed according to their structural diVerences into the 46 groups that were analysed in this study (Knezevic et al. 2010; KnezeviT et al. 2009 ). Further details on exact molecular structure of the investigated glycan groups are provided in the Supplementary Table 1. Since some of the glycan groups are highly correlated, we also derived several groups of glycans to better diVerentiate speciWc glycan changes and reXect structural features of each group (details are provided in Supplementary Table 2 ). The study was approved by the Ethical Board of the Medical School, University of Zagreb, Croatia.
Data analysis was performed in R package (http://www. r-project.org), with GenABEL procedure and mmscore function used in mixed modelling to control for familial structure and relatedness among subjects (Aulchenko et al. 2007 ). Due to multiple testing, Bonferroni correction was applied (since 46 glycan features were analysed new signiWcance level was calculated as 0.05/46 = 0.00108), suggesting that all results at the level of P < 0.001 should be considered signiWcant.
Results
The initial analysis suggested the highest average inbreeding coeYcient in Orkney sample (0.012 § 0.015; range 0-0.135), followed by Vis (0.009 § 0.011; range 0-0.081), while the lowest average inbreeding coeYcient was recorded in Korcula (0.007 § 0.010; range 0-0.092).
When all three populations were analysed in a pooled analysis, the results of the sex, age, familial relatedness and cohort-adjusted analysis suggested three signiWcant and a number of suggestive associations of genomic inbreeding estimates with several groups of N-glycans measured in plasma (Table 1 ). The overall pattern suggested that inbreeding was associated with changes in the levels of tetrasialylated and digalactosylated glycans, and a DG11 group that consists mainly of tetraantennary glycans. Tetrasialylated glycans and DG11 were increased in more inbred individuals (Pearson r = 0.18, P < 0.001; r = 0.12, P < 0.001, respectively), while digalactosylated glycans were decreased in more inbred individuals (r = ¡0.14, P < 0.001).
When these three glycans were analysed in separate, cohort-based approach, the results suggested that the association was the strongest in Orkney sample (r = 0.10, P = 0.003; r = 0.12, P = 4.49E¡04 and r = ¡0.11, P = 0.020 for DG11, tetrasialylated glycans and G2, respectively), somewhat weaker and in Vis sample (r = 0.17; P = 3.91E¡06; r = 0.12; P = 0.001 and r = ¡0.06, P = 0.119 for DG 11, tetrasialylated glycans and G2, respectively) and at most suggestive in the sample with the lowest average inbreeding coeYcient, Korcula (r = 0.06, P = 0.152; r = 0.05, P = 0.193; r = ¡0.11, P = 0.003, for DG 11, tetrasialylated glycans and G2, respectively).
Discussion
The results of this study suggest that individual genomewide heterozygosity seems to be associated with levels of plasma N-glycans in humans. The general pattern of glycan proWle changes in more inbred subjects seemed to include increased branching (increased levels of tetrasialylated and tetrantennary groups), with respective decrease in the level of biantennary glycan groups. Enzymes responsible for synthesising antennae and increased branching on N-glycans are N-acetylglucosaminyl transferases (GnT). GnT IV is responsible for forming triantennary structures by adding 1 ! 4GlcNAc to the 3-antenna of the tri-mannosyl-chitobiose core, while tetraantennary glycans are produced by subsequent actions by this enzyme and GnT V that adds -GlcNAc to the 6-position of the mannose of the 6-antenna (Brockhausen et al. 1989) . Increased activity of N-acetylglucosaminyl transferases has been reported in many forms of human cancers, where increased expression of these glycan groups was associated with faster and more extensive tumour progression and lower survival rates (Dennis and Laferte 1989; Guo et al. 2001; Jin et al. 2004; Lau and Dennis 2008; Yao et al. 1998) . Next, inbreeding seemed to have also aVected sialylation, which was also associated with tumour progression in humans (Bos et al. 2009; Dall'Olio and Chiricolo 2001; Hedlund et al. 2008) . This Wnding could therefore be interpreted as one of the possible mechanisms for the increased prevalence of tumours that were reported in some inbred and isolated human populations of Croatia (Rudan 1999 (Rudan , 2001 ). These results also suggest that changes in glycosylation could be involved in mediation of phenotypic changes in inbred and outbred organisms. However, replication eVorts in animal and plant species are needed in order to conWrm the results presented here, especially in populations that experience much higher average inbreeding coeYcients.
It should be noted that these results are limited in several ways. Firstly, the study may suVer from methodological issues, including the possibility that glycans may show cohort-speciWc characteristics, linked to a number of potential environmental diVerences across all cohorts. Secondly, there may be diVerences in genetic structure of these populations that could modulate the pattern of changes. Maybe the most important limitation is linked to the generally low inbreeding coeYcients experienced by humans (even in the isolated populations), compared to that of plants and animals in both wild and laboratory conditions. This limitation could also be linked to an interesting lack of replication for some glycans. This result could be interpreted in several ways, namely possibility that the eVect sizes were rather small and results were prone to randomness, the possibility that there are some cohort-speciWc mechanisms that may modulate the results or that more inbred organisms could be experiencing decreased homeostasis. Furthermore, one of the most proximate explanations for the increased tumour load in isolates could be linked to the increased average homozygosity levels and accumulation of genetic load, which causes higher tumour prevalence. Nevertheless, the results presented here suggest the Wrst potential link between N-glycans and inbreeding depression and heterosis. Further studies are thus merited in order to conWrm the association of inbreeding with changes in glycan proWles in other human populations and larger samples, as well as in other species, thus attempting to establish if glycosylation could indeed be involved in mediation of the phenotypic changes described in inbred and outbred organisms.
